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The intracellular subtilisin proteases (ISPs) are the
only known members of the important and ubiquitous
subtilisin family that function exclusively within the
cell, constituting a major component of the degra-
dome in many Gram-positive bacteria. The first ISP
structure reported herein at a spacing of 1.56 A˚
reveals features unique among subtilisins that has
enabled potential functional and physiological roles
to be assigned to sequence elements exclusive to
the ISPs. Unlike all other subtilisins, ISP from B. clau-
sii is dimeric, with residues from the C terminus
making a major contribution to the dimer interface
by crossing over to contact the partner subunit.
A short N-terminal extension binds back across the
active site to provide a potential novel regulatory
mechanism of intrinsic proteolytic activity: a proline
residue conserved throughout the ISPs introduces
a kink in the polypeptide backbone that lifts the target
peptide bond out of reach of the catalytic residues.
INTRODUCTION
The intracellular subtilisin proteases are part of the large and
ubiquitous subtilisin serine endopeptidases family (Siezen and
Leunissen, 1997). Subtilisins perform a variety of biological roles,
including proprotein processing (Rockwell et al., 2002; Rockwell
and Thorner, 2004), as a virulence factor in a range of bacteria
(Paton et al., 2006), as key components in the malarial parasite
life cycle (Withers-Martinez et al., 2004), and as nonspecific
digestive proteases (Siezen and Leunissen, 1997).
The bacterial extracellular subtilisin proteases (ESPs) are
among the most extensively studied of all the peptidases. As
well as having key biological roles, they provide an ideal model
system for understanding the mechanism of enzyme action,
protein structure-function relationships, and protein folding
(Bryan, 2000, 2002; Eder and Fersht, 1995; Wells and Estell,744 Structure 18, 744–755, June 9, 2010 ª2010 Elsevier Ltd All rights1988). Their broad substrate specificity suits their role as scav-
enging proteases, and their high stability in harsh environments,
coupled with exhaustive protein engineering to enhance this
feature, ensures they continue to be one of the most commer-
cially important class of proteins for applications such as active
ingredients in laundry detergents. The bacterial ESPs have
a primary structure with key characteristics shared with most
subtilisin family members. The N terminus comprises a secretion
signal sequence followed by a prodomain required for folding of
the adjoined catalytic domain (Bryan, 2002; Eder and Fersht,
1995; Shinde and Inouye, 2000) (Figure 1A). The signal sequence
is removed upon secretion and the prodomain is autocatalyti-
cally processed once the mature protein folds into an active
conformation.
In contrast to the wealth of data on the ESPs, less is known
about the only known members of the subtilisin family that
function exclusively within the bacterial cell: the intracellular
subtilisin proteases (ISPs). To date, ISPs have been found in
many different bacilli and related bacteria (Sheehan and Switzer,
1990; Siezen and Leunissen, 1997; Strongin et al., 1979a, 1979b,
1978; Tsuchiya et al., 1997; Yamagata and Ichishima, 1995),
including Bacillus anthracis (Read et al., 2003) and Clostridium
difficile (Sebaihia et al., 2006). They constitute a major compo-
nent of the degradome, comprising the majority of proteolytic
activity within the Bacillus cell (Burnett et al., 1986; Orrego
et al., 1973), yet little is known about their exact physiological
role, including posttranslational modulation of their activity. It
was originally thought ISPs were essential for sporulation, but
it is now thought that they play a key role in precise protein pro-
cessing when the cell enters the stationary phase (Lee et al.,
2004).
Sequence comparisons reveal that although the ISPsmaintain
a relatively high sequence identity (40%–50%) with their extra-
cellular counterparts, they have a number of distinctive features,
most notably the lack of the characteristic ESP prodomain
(Figure 1A). The ISPs do possess an N-terminal extension
(16–25 residues), but it is shorter and shows no sequence
homology to the ESP prodomain. Residues in the N-terminal
extension, such as the LIPY/F motif (Figure 1B), are conserved
among the ISPs, suggesting an important and common role for
this region. ISPs are commonly isolated with this extensionreserved
Figure 1. Primary Structure Features of ESPs and
ISPs
(A) General primary structure of ESP and ISP. SS and Pro
refer to the signal sequence and prodomain regions,
respectively, of the ESPs. The black box region of ISP
represents the N-terminal extension. The arrows indicate
proteolytic processing cleavage positions. The approxi-
mate positions of the catalytic serine resides are indicated
by the triangles.
(B) Sequence alignment of ISPs from three Bacillus
species and C. difficile, two representative Bacillus ESPs
(BPN0 from B. amyloliquifaciens and Subtilisin E from
B. subtilis) and the ESP from the archeon Thermococcus
kodakarensis. For BPN0 and T. kodakarensis, the full-
length precursor sequence is shown. Boxed residues
highlighted with black backgrounds and with white back-
grounds are fully and semiconserved, respectively. The
sequences of the core enzymes were aligned using Clus-
talW. The N-terminal extensions were aligned manually
based on the 3D structures using the SSM algorithm (Kris-
sinel and Henrick, 2004). The three residuesmaking up the
catalytic triad are indicated (*), as is the conserved LIPY
motif in the ISPs (d). The secondary structure elements
are indicated for the B. clausii ISP. Against Bacillus clausii
ISP, the ISPs from B. anthracis and B. subtilis are 53%–
54% identical. Clostridium difficile is the next closest
with 44% identity, and the ESPs such as subtilisin BPN0
and Carlsberg43%. The cleavage site of T. kodakarensis
is indicated by a vertical black arrow, and that of BPN0 is 2
residues to the right.
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Intracellular Subtilisin Structureposttranslationally removed, but it has not been fully established
what is responsible for this cleavage and whether this process-
ing is relevant to function (Sheehan and Switzer, 1990; Strongin
et al., 1978; Tsuchiya et al., 1997). These truncated ISPs were
found to be dimeric (Koide et al., 1986; Strongin et al., 1978;
Tsuchiya et al., 1997), in contrast to the normally monomeric
ESPs. The sequence homology between the ISPs and ESPs is
lower toward the C terminus, beyond the core a6 helix, which
has the catalytic serine at its N terminus (Figure 1B). Finally,
calcium is known to be an important structural component of
subtilisins, with a high-affinity binding site strongly conserved
throughout the family. Most studies have indicated that ISP
activity is calcium dependent (Strongin et al., 1978; Subbian
et al., 2004; Tsuchiya et al., 1997), although others have implied
that calcium is not critical (Sheehan and Switzer, 1990).Structure 18, 744–755, June 9Given their importance, the tertiary structures
of numerous different secreted subtilisins have
been determined over the years, but such
studies are still revealing novel structural and
functional insights (Comellas-Bigler et al.,
2004; Gallagher et al., 1995; Jain et al., 1998;
Paton et al., 2006; Tanaka et al., 2007; Wheatley
and Holyoak, 2007; Wlodawer et al., 2001).
However, apart from the recently determined
structure of atypical ESPs from the archaeal
Thermococcus kodakarensis (Tanaka et al.,
2007) and the serine carboxyl protease (Comel-
las-Bigler et al., 2004), structural information for
intact precursors prior to processing remains
limited. Although structures of mature ESPscomplexed with the cleaved prosegment have been determined
(Gallagher et al., 1995; Jain et al., 1998), these do not provide
direct information on the structure of the precursor prior to pro-
cessing. In these models, the S1–S4 substrate sites (numbered
according to the convention of Schechter and Berger ([1968])
are occupied, whereas S10 and S20 are empty. Furthermore, no
molecular details of the tertiary and quaternary structures of
any ISP are currently known.
Here we describe the first structural characterization of an ISP,
that of the full-length enzyme from Bacillus clausiiwith the active
site serine mutated to alanine. The structure was determined by
X-ray crystallography to a resolution of 1.56 A˚. The 3D structure
reveals how differences in sequence translate into crucial differ-
ences in both tertiary and quaternary structure compared with
the related bacilli ESPs, and provides a potential novel, 2010 ª2010 Elsevier Ltd All rights reserved 745
Figure 2. General Structural Analysis of ISPS250A
(A) SEC elution profile of ISPS250A at the three different concentrations indicated in the figure.
(B) Sedimentation equilibrium AUC analysis of ISPS250A. Samples were run at 14,000 rpm (:), 17,000 rpm (3), 20,000 rpm (-), and 23,000 rpm (d).
(C) Circular dichroism spectra of full-length ISPS250A.
Structure
Intracellular Subtilisin Structuremechanism by which ISP activity could be regulated via the
N-terminal extension.
RESULTS
Characterization of ISPS250A
To prevent proteolytic processing from hindering structural
analysis, the ISP cloned from B. clausii was mutated to change
the active site serine residue identified from sequence align-
ments (Figure 1B) to alanine (S250A) to generate the inactive
variant termed ISPS250A. As an aid to purification, a hexahistidine
affinity tag was fused to the C terminus via a Leu-Glu linker
(LEHHHHHH). After nickel affinity purification, only one species
was observed. The N-terminal sequence for this species was
(M)-R-K-F-R, identical to that expected for the full-length protein
with partial processing of the N-terminal methionine. Western
blotting using a primary antibody against the hexahistidine tag
confirmed that the affinity tag was still attached to ISPS250A, at
least for a significant proportion of the protein. The molecular
mass determined by matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectroscopy was 34,782 Da,
close to the theoretical mass for ISPS250A minus the N-terminal
methionine (34,775 Da).
The measured native molecular weight of ISP suggested that
the enzyme formed a dimer in solution (Figures 2A and 2B). The
molecular weight of full-length ISPS250A was estimated to be
55 kDa by size exclusion chromatography (SEC), a value closer
to that expected for a dimer (69.8 kDa) than for a monomer
(34.9 kDa). ISPS250A eluted at the same volume at three different
protein concentrations tested (10, 25, and 50 mM), indicating that
in this range the molecular weight (MW) was independent of
protein concentration. Sedimentation equilibrium analytical
ultracentrifugation (Figure 2B) confirmed the SEC results, with
the MW calculated to be 57 kDa.
The circular dichroism (CD) spectrum of ISPS250A (Figure 2C)
indicated that the dimeric protein was folded. The spectrum
was characteristic of proteins with a subtilisin-like fold (Eder
et al., 1993; Subbian et al., 2004), with the troughs at 208 nm
and 222 nm suggesting the protein had a substantial helical
content.746 Structure 18, 744–755, June 9, 2010 ª2010 Elsevier Ltd All rights3D Structure of the ISPS250A Protomer
The crystal structure of Bacillus clausii ISPS250A encompassing
residues Arg2 to Glu317 was determined as follows: crystal 1
at a resolution of 2.7 A˚ and refined to an R and Rfree of 16.7
and 25.0%, respectively; crystal 2 at 2.5 A˚ to an R and Rfree of
18.8 and 26.9%, respectively; crystal 3 at 1.56 A˚ to an R and Rfree
of 18.7 and 23.0%, respectively (Table 1). The relatively low R
factors for crystal 1 follow from its lower resolution and the use
of the twinned refinement mode in REFMAC. Crystal 1 was
used for the initial structure solution by molecular replacement
using an ESP model, crystal 2 provided an improved complete-
ness, and crystal 3 provided substantially better data quality and
resolution. In all three, there are six independent protomers in the
asymmetric unit, arranged as three dimers labeled A&B, C&D,
and E&F (see Figure S1 available online). Each protomer has
a very similar structure, as evidenced by Ca root-mean-square
deviation (rmsd) value of around 0.5 A˚ (Table S1). The refined
structures of the dimers within all three crystals are closely
similar, with a rmsd between dimers of around 0.5 A˚, with
the major difference being the expansion of the unit cell of
about 10% for crystal 3. The three independent dimers in the
asymmetric unit have slightly changed their relative orientations
and therefore generate somewhat different crystallographic
contacts.
A detailed description of the higher-quality structure derived
from crystal 3 is presented, but this is relevant to all three crystal
forms. The structure of the dimeric ISPS250A, including the
location of the catalytic triad, the N-terminal extension, and
putative metal binding sites, is shown in Figure 3A. The core of
the protein containing the catalytic center (residues 19–305)
has the same overall fold as the homologous mature ESPs (Fig-
ure 3B). Superposition of ISPS250A with a representative structure
of subtilisin BPN0 (Protein Data Bank [PDB] ID code 1to2; Radi-
sky et al. [2004]), gave a Ca rmsd of 1.27 A˚ over the 261 structur-
ally equivalent residues (Table S2). There are differences in some
surface loops, in part reflecting the insertions/deletions between
ESPs and ISPs around residues 74, 144, and 270. Variation in
these regions is not unexpected, as other ESPs, for example
from the archeon T. kodakarensis (Tanaka et al., 2007), have
several larger loops.reserved
Table 1. Crystallographic Statistics
Data Statistics Crystal 1 Crystal 2 Crystal 3
Beamline ESRF ID14-1 ESRF ID14-1 Diamond I03
Wavelength (A˚) 0.9762 0.93 0.9805
Space group P31 P31 P31
Cell parameters (A˚) a = 121.67, c = 106.23 a = 119.83, c = 106.20 a = 125.66, c = 106.14
Resolution range (A˚)a 60.8 – 2.68 (2.83-2.68) 47.3 – 2.45 (2.58-2.45) 108.4-1.56 (1.64-1.56)
Number of observationsa 198,401 (29,667) 238,937 (33,575) 1,902,685 (216,565)
Unique reflectionsa 49,303 (7,217) 62,796 (9,185) 269,002 (39,211)
Completeness (%)a 99.9 (100.0) 100.0 (99.9) 100.0 (99.8)
I/I(s)a 11.6 (2.0) 11.6 (1.2) 13.4 (1.6)
Average multiplicitya 4.0 (4.1) 3.8 (3.6) 7.1 (5.5)
Rmerge (%)
a,b 14.4 (70.0) 18.4 (66.0) 7.7 (108.0)
Protomers in asymmetric unit 6 6 6
Refinement Statisticsc
Protein atoms 13285 13168 13960d
Waters 20 321 1501
Sodium ions 6 6 6
PEG — — 6
Glycerol — — 2
Free reflections (%) 5 5 5
Rcryst = S jFo  Fcj / S Fo(%) 16.7 18.8 18.7
Free R factor (%) 25.0 26.9 23.0
Twinning fraction h,k,l: 0.72
-k,-h,-l: 0.28
— —
Rmsds from Ideal Geometry (target values in parentheses)
Bond distances (A˚) 0.017 (0.022) 0.015 (0.022) 0.028 (0.022)
Bond angles () 1.87 (1.95) 1.64 (1.95) 2.24 (1.95)
Chiral centers (A˚3) 0.12 (0.20) 0.11 (0.20) 0.16 (0.20)
Planar groups (A˚) 0.008 (0.021) 0.006 (0.021) 0.010 (0.021)
Average main chain B (A˚2) 38.6 23.6 23.6
Average side chain B (A˚2) 39.9 25.3 28.7
Ramachandran Plot Residues in:
Most favored regions (%) 90.1 92.5 96.0
Additional allowed regions (%) 7.4 5.7 3.4
Disallowed regions (%) 2.5 1.8 0.6
a Values in parentheses correspond to the highest-resolution shell.
b Rmerge is defined as 100x SjI  < I >j / S I, where I is the intensity of the reflection.
c For refinement, 1292 reflections were removed within the ice ring from 3.66 A˚ to 3.64 A˚.
d The number of atoms includes residues modeled with alternate conformations.
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crystal 3. The final four residues of the natural C terminus with
associated His tag have no defined structure. In addition, two
regions are either disordered or show substantial differences
between protomers, in part reflecting their different environ-
ments within the crystal: residues 183–193 and 216–223. The
equivalent residues in the ESPs have well defined density and
are part of an elaborate hydrogen bonding network contributing
to the S1 binding pocket. There was no interpretable density in
any of the protomers for residues 183–193, even though there
is some degree of conservation among the subtilisins
(Figure 1B). Residues 216–223, which are also conserved inStructure 18the subtilisins, can be modeled in chains B, D, and F for crystal
3. In the other three protomers there is uninterpretable difference
density in this region, suggesting the presence of multiple
conformations rather than complete disorder. These residues
lie at the dimer interface in ISPS250A, the paired protomers cannot
both take up this conformation because it would lead to steric
clashes in the subunit interface. There are a number of additional
unmodeled residues in the lower-resolution crystals 1 and 2.
The N-terminal extension, unique to the ISPs, binds across the
active site (Figure 3A). The C-terminal extension extends away
from the body of the protomer and is stabilized by interactions
with the other subunit in the dimer (Figure 3A). The significance, 744–755, June 9, 2010 ª2010 Elsevier Ltd All rights reserved 747
Figure 3. The 3D Structure of ISPS250A
(A) Ribbon representation of the AB dimer, with subunits A (blue) and B (red).
The N-terminal extension, residues 2–18, is colored in black in both subunits.
The C-terminal extension involved in the dimer interface is colored green and
pink in subunits A and B, respectively. The catalytic Ala250 is shown as
spheres, with the other residues of the catalytic triad, His86 and Asp49, in
ball-and-stick. N- and C-terminal residues are labeled in subunit A.
(B) Stereo view of the superimposition of protomer A of ISP (blue worm) on
subtilisin BPN0 (coral, PDB code 1TO2). Ala250 is shown as spheres. The
N-terminal extension is shown as a black ribbon and the C-terminal as
a dark blue ribbon. In both (A) and (B), the positions of the first ordered residue
at the N terminus of ISPS250A (Arg2) and the last ordered residue at the
C terminus (Thr316) are indicated and sodium ions are shown as purple
spheres. Molecular structures in Figures 3–8 were all generated using
CCP4mg (Potterton et al., 2004).
Figure 4. The Dimer Interface of ISPS250A
(A) The two subunits shown as transparent surfaces, with the C-terminal exten-
sions (solid surface) crossing over to make substantial contributions to the
interface.
(B) Subunit A as an electrostatic surface and B as worms and tubes. The side
chains for residues in chain B involved in dimer interactions are in ball-and-
stick and the surface of protomer A, which is buried in the interface, is shaded
cyan.
Structure
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below. In crystal 3, there is well-defined density for a single
PEG molecule and associated waters at the same position in
all six protomers.
3D Structure of the ISPS250A Dimer
In keepingwith our results demonstrating that ISPS250A is dimeric
in solution, there is clear evidence that it forms a dimer in the
crystal. The catalytic triad is relatively distant from the dimer
interface (Figure 3A), suggesting dimerization is not required
to form the active site. Furthermore, the N-terminal extension
unique to the ISPs plays no role in dimerization but the
C-terminal tail region (residues 306–316) forms an extensive
crossover to the adjacent subunit (Figure 4A). PISA (Krissinel
and Henrick, 2007; http://www.ebi.ac.uk/msd-srv/prot_int/
pistart.html) estimates the buried surface area within each dimer
to be 1500 A˚2, which equates to around 12% of the total
surface area of the protomer. The interface for dimer AB is shown
in Figure 4B. A total of 42 residues have part of their accessible
surface area buried in the interface, with 13 of these being strictly
conserved among the ISPs and a further 13 conserved substitu-748 Structure 18, 744–755, June 9, 2010 ª2010 Elsevier Ltd All rightstions. The residues comprising the dimer interface are 201, 213,
223–226, and many in the C-terminal region (residues 270–316).
The latter includes the loop composed of residues 272–274, a7,
b14, a8, b15, and a9 and the tail (312–316). There is a total of 14
hydrogen bonds in the AB dimer (Table S3), 19 in CD, and 17 in
EF. Seven of these involve the side chains of the residues 273,
283, 286, and 300 conserved among the ISPs, and eight involve
main-chain CO or NH groups. There are additional hydrogen
bond contacts mediated through water molecules in all three
dimers. In the C-terminal tail region, there is no sequence
conservation between the ISP homologs, and indeed the tail
appears to be truncated in the B. anthracis enzyme.
The PEG molecule in crystal 3 bridges residues 201 and 203
from one protomer to the side chain of 279 in the other. In crys-
tals 1 and 2, there is no PEG present and this region is filled with
a set of well-defined waters forming equivalent intersubunit
bridges in all three dimers. The PEG appears to have no struc-
tural impact on the organization of the protomers within the
dimer.
The Active Site of ISPS250A
The active site is well ordered, with only small and insignificant
differences between the six protomers and indeed the three
crystals. The superposition of protomer A from crystal 3 on the
ESP BPN0 confirms that the catalytic triad residues are similarly
positioned (Figure 5), but with subtle yet potentially important
differences. The aspartate residue in ISPS250A (Asp49ISP) andreserved
Figure 5. Comparison of Catalytic Triad
The catalytic triad of ISPS250A (colored by atom type, with carbons in green)
superimposed on that of subtilisin BPN0 (PDB code 1TO2; colored by atom
type, with carbons in coral). The two structures were superposed using
secondary structure matching based on the whole protomer. The electron
density is shown for the three ISPS250A residues. The hydrogen bond between
Asp49 and His86 in ISPS250A is shown in black, the two hydrogen bonds within
the BPN0 triad in coral. The displacement of the main-chain Ca atom of Ala250
by 1.6 A˚ away from His86 is evident. The Cb atom of Ala250 of ISPS250A is
labeled.
Structure
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0
) superimpose very closely.
There is an equivalent hydrogen bond between the histidine
and aspartate residues in the two structures, but the side chain
of His86ISP rotates 21 with respect to its equivalent in BPN0
(His64BPN
0
). In contrast, there is a significant shift in the position
of the main-chain atoms of the alanine mutant of the active site
serine in ISP (Ser250AISP) and in the preceding loop comprising
residues 247–251 compared with that in BPN0 (Ser221BPN
0
),
resulting in the Ala250Ca being displaced by 1.6 A˚ from the posi-
tion required for the formation of the catalytic triad. Even if the
alanine is mutated in silico to a serine, the oxygen is too far
away to form the necessary hydrogen bond to the histidine.
This displacement is unlikely to be due to the mutation, because
there are structures of ESPs with such a serine to alanine muta-
tion (Gallagher et al., 1995), where the mutant and wild-type
serine and associated loop are in essentially identical positions.
This significant shift in the positioning of both the catalytic histi-
dine and serine appears to be a consequence of the N-terminal
extension, as described below, and could contribute to mecha-
nism by which protease activity is regulated.
The N-Terminal Extension Binds across the Active Site
There is well-defined density for residues 2–20 comprising the N
terminal extension, which binds over the core of the protein and
restricts access to and distorts the active site (Figures 6A and
6B). Residues Phe4-Leu6 form the central strand of a three-
stranded antiparallel b sheet with Gly122-Gly124 and Ser153-
Gly155 (b1, b6, and b8 in Figure 1B) (Figure 6C). In addition,
residues Lys10-Val15 form a distorted antiparallel b sheet with
Tyr243-Ser247, contributing to holding the catalytic residueStructure 18250 in an unfavorable position for completion of the catalytic
triad.
These b sheets in the N-terminal extension clamp the
conserved LIPY motif (residues 6–9) over the active site cleft
(Figure 6C). This forces Pro8 to point away from the body of
the protein and puts the potentially hydrolyzable peptide bond
linking Ile7 and Pro8 out of the reach of the catalytic serine.
Leu6 and Tyr9 point toward the loop carrying the catalytic serine
mutant (Ser250AISP) and form van der Waals contacts with
His86, the central member of the catalytic triad. Tyr9 also forms
a cluster of hydrophobic contacts that includes Leu246 and
His86, and hydrogen bonds via awater to Asn84. The side chains
of Arg5 and Ile7 point toward the poorly ordered surface loop
183–193.
Thus, the N-terminal extension could potentially exert an
influence on ISP activity in two ways: first, by repositioning of
the main-chain region carrying the catalytic serine to prevent
formation of the catalytic triad, and second, by blocking the
substrate binding cleft and placing the target peptide bond out
of reach of the active site serine by introducing a proline bulge.
A Conserved Metal Binding Site
In all three crystals, difference maps phased on the protein alone
showed a significant peak in all six protomers at a position
equivalent to the high-affinity calcium site found in most ESPs.
The resolution and data quality for crystal 3 allowed us to estab-
lish that in fact this site is occupied by a sodium ion. The site has
well-defined octahedral coordination with unrestrained ligand
lengths refining to values close to 2.4 A˚. This is consistent with
the ligation pattern for either calcium or sodium (Harding,
2004). When modeled as sodium, the B values refine to values
close to those of the surrounding atoms. Most importantly, the
anomalous difference Fourier synthesis had no peak at this
site, while showing significant density at the sulfur sites in the
methionine and cysteine residues, excluding the possibility that
this is a calcium. The coordination geometry is closely similar
to that of the high-affinity calcium ion in the ESPs and involves
the main-chain carbonyl oxygen atoms of Ala97, Ser101, and
Val103, together with the side-chain oxygen of Asp58 and
Thr99 and a well-defined water molecule (Figure 7A). In contrast,
in the ESPs, the sixth coordinating ligand is provided by the side
chain of the highly conserved Gln2 (Figure 7B). N-terminal pro-
cessing of ISPS250A occurs close to this site (M.G. and D.D.J.,
unpublished data) and may induce structural changes allowing
an equivalent N-terminal residue to click into place as the sixth
coordinating ligand, as seen in the ESPs: the most likely candi-
date is Glu20. In our initial analysis of crystals 1 and 2, hindered
by the lack of any significant anomalous signal, this site was
modeled as a partially occupied calcium ion, in line with its ubiq-
uity in the ESPs. However, we have finally modeled this site as
a sodium ion these two crystals, where again the B factors refine
to values in keeping with its surrounding atoms. The density for
the water that occupies the sixth ligand site is too low to be
modeled in these two structures.
Thus, we conclude that in the crystal structures there is a
hexa-coordinated sodium ion in unprocessed ISP at the high-
affinity metal site, with the sixth ligand provided by water. It is
of note that the sodium ion concentration is high in the crystalli-
zation buffer of these crystals., 744–755, June 9, 2010 ª2010 Elsevier Ltd All rights reserved 749
Figure 6. Binding of the N-terminal Exten-
sion (Arg2 to Leu18) across the ISP Active
Site
Orientation as in Figure 3.
(A) Electrostatic surface of residues 19–316 of
ISPS250A, with the N-terminal extension shown as
a black ribbon that tracks across a groove in the
surface and passes directly over the active site.
Pro8 and Tyr9 are shown in ball-and-stick,
Ala250 as spheres. A close-up of the active site
is also shown, with the electron density for ISP
residues Ile7, Pro8, and Tyr9. Ala250 is shown as
spheres below the proline bulge.
(B) Structural comparison of the inhibition mecha-
nism in ISPS250A, BPN0 complexed with CI2
inhibitor (PDB 1TO2) (Radisky et al., 2004) and
the propeptide segment 4–79 of the unprocessed
form of the archeal proTk T. kodakarensis subtilisin
(PDB 2E1P) (gray) (Tanaka et al., 2007). The
enzymes were superposed on their core domains
using SSM and the core of ISPS250A is shown in the
background as a pale blue ribbon. The equivalent
b strands carrying residues P4–P2 of the three
inhibiting peptides are shown as ribbons: the
N-terminal extension of ISP (black), the CI2 inhib-
itor (brown) and propeptide segment of proTk
(gray). Pro8 and Tyr9 of ISPS250A (coral) and
Ala250, His86 and Asp49 (colored by atom type)
are in ball-and-stick.
(C) Stereo view of ISP showing the surface for
residues 19–316 corresponding to the mature
enzyme, and the N-terminal extension as cylinders (colored by atom type), which include sites P4-P20 (residues 4–10). The three-stranded sheet across sites
P4–P2 (b1, residues 4–6), formed with b6 (residues 122–125, blue) and b8 (153–155, dark brown) of the enzyme core, is shown with hydrogen bonds equivalent
to those observed in the bacterial and archeal precursors and in the BPN0-CI2 complex. The deep S4 pocket is occupied by Phe4, and the side chain of Tyr9 (P10)
points toward His86. Ala250 (gray spheres) can be seen at the base of the pocket, below the proline bulge.
Structure
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In crystal 1, a second set of strong peaks was seen in the differ-
ence maps, suggesting the possibility of a second metal binding
site, contributing to the dimer interface, and coordinating the
main-chain oxygens of Asn201, Val203, and OD1 and OD2 of
Asp226 in each protomer and to the OE2 of the conserved
Glu279 in the other subunit in the dimer. This site lies a few A˚
from the low-affinity metal ion binding sites observed in many
ESPs, but is distinct in terms of both position and coordination.
If modeled as a partially occupied calcium or sodium ion it refines
to acceptable B values, but the metal-ligand distances are in the
2.7–2.9 A˚ range, consistently too long for either ion. In Crystal 2,
the site appears to be a well defined water. In Crystal 3, the PEG
molecule extends over this site. Thus, it is highly unlikely this
secondary site binds metal ions specifically, and we have
chosen to model it as a bridging water in both crystals 1 and 2.
DISCUSSION
This first crystal structure of an ISP has provided a detailed
insight regarding how sequence features unique among the
important subtilisin class of serine proteases translate into novel
structural elements. Given the conservation of these sequence
features among the ISPs (Figure 1B), they are likely to have
common structural, functional, and hence physiological roles.
The structure has allowed us to postulate critical functional roles
for these features, including the N-terminal extension’s role in750 Structure 18, 744–755, June 9, 2010 ª2010 Elsevier Ltd All rightsprotease regulation and the C-terminal region in dimerization.
As suggested by the relatively high sequence identity, ISPS250A
has a core structure similar to the ESPs (Figure 3B). One impor-
tant difference is the significant shift in the position of the Ca of
the mutated alanine (Figure 5). This 1.6 A˚ shift, which involves
a movement of the loop residues 247–250, may contribute to
the mechanism by which ISP activity is regulated (vide infra).
The other differences between the ISPs and their secreted coun-
terparts include formation of a dimer, the N-terminal extension,
and the nature of the metal binding.
Dimerization
The dimeric structure observed here (Figure 4) and implied for
ISPs from other bacilli (Koide et al., 1986; Strongin et al., 1978;
Tsuchiya et al., 1997) is a unique feature among the subtilisins.
The dimer interface is extensive with many interactions between
the two subunits, and includes the C-terminal tail, which crosses
over and interacts with the adjacent subunit. It coincides with the
breakdown in sequence homology between the ISPs and ESPs
(Figure 1B). The two active site alanine residues in the dimer
are 46 A˚ apart and distant from the interface (Figure 3A), so
dimerization does not appear to contribute directly to formation
of a complete active site pocket. We propose that dimerization
may play a similar role to that of the prodomain in the ESPs by
aiding the folding process. However, unlike the prodomain-
mature protein complex, which falls apart after folding, the dimer
interface remains integral to maintaining a thermodynamicallyreserved
Figure 7. The High-Affinity Metal Site
(A) Sodium binding in structure of ISPS250A derived from crystal 3 within the
high-affinity metal site conserved among the subtilisins. The ligand distances
were not restrained during refinement.
(B) Equivalent calcium site in BPN0 (PDB code 1TO2) where the sixth
octahedral ligand site is occupied by the side-chain oxygen of Gln2.
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Intracellular Subtilisin Structurestable conformation (M.G. and D.D.J., unpublished data; Sub-
bian et al., 2004). This is in contrast to the kinetic stability
observed for mature ESPs that compensates for their marginal
thermodynamic stability (Bryan, 2002; Shinde and Inouye,
2000). Further studies, including truncation of the C terminus,
will help reveal the requirement and role of dimerization in the
folding of ISPs to a functional conformation.
Functional Role of the N-Terminal Extension
A standard nomenclature has been defined for the binding of
peptide substrates to protease active sites (Perona and Craik,
1995; Schechter and Berger, 1968). Residues N-terminal to the
cleaved bond of the substrate are termed P1, P2, P3, and P4,
and those to the C-terminal side termed P10, P20, and P30. The
corresponding enzyme subsites are S1, S2, S3, S4 and S10,
S20, S30. Generally, the subtilisins have binding sites that encom-
pass the P4 to P10 residues of the substrate. Whether they bind
substrate, their cognate prodomain, or a proteinaceous inhibitor
such as CI2, all subtilisins share a common feature: residues
P2-P4 of the oligopeptide binding partner form the central strand
of a short 3-stranded anti-parallel b sheet.Structure 18The 3D structure suggests that the role of the ISP N-terminal
extension, containing the conserved LIPY/F motif, is a built-in
inhibitor of protease activity. This is supported by observations
that the N-terminal extension is removed post-translationally to
produce an active ISP (M.G., G.K., K.S.W., and D.D.J., unpub-
lished data). The potential mechanism of inhibition differs from
that in other subtilisins and, to our knowledge, other serine
proteinases. Residues 4-7 of the N-terminal extension of
ISPS250A occupies a space over the active site largely equivalent
to that taken up by the P1 to P4 residues from the autocatalytic
cleavage point between the prodomain and mature ESP, with
Tyr9 occupying the S10 site. The vital difference is the deviation
of the main-chain of ISPS250A away from the active site induced
by the Pro8 bulge, shifting the target peptide bond out of the
position in which hydrolysis could occur (Figure 6C). Residues
10–15 of the N-terminal extension form a b sheet with residues
243–247 and this helps to disrupt the catalytic triad by displacing
the active site serine/alanine by 1.6 A˚ with respect to the histi-
dine. Therefore, the N-terminal extension may have two modes
of inhibiting ISP protease activity: direct blocking of the active
(competitive inhibition) and disruption of catalysis (noncompeti-
tive inhibition).
Binding of the N-terminal extension can be compared in detail
with two other binding events in the subtilisin family that inhibit
activity (Figure 6B). The first concerns binding and inhibition of
the mature ESP by its cognate prodomain before (Comellas-
Bigler et al., 2004; Tanaka et al., 2007) and after (Gallagher
et al., 1995; Jain et al., 1998) autoprocessing. The second
example is inhibition by natural peptide inhibitors (Bode and
Huber, 1992; Laskowski and Qasim, 2000), such as CI2 (Radisky
and Koshland, 2002) or eglin (Dauter et al., 1991). In both of
these, P10 is a bulky side chain forming extensive interactions
with the active site histidine and neighboring asparagine. In
contrast to ISPS250A, the pro-ESP retains the target peptide
bond in a position to allow autocatalytic processing that leads
to the subsequent detachment of the prodomain. We have
selected three representative structures for a detailed compar-
ison, and the residues occupying the binding sites in these
structures are shown together with superpositions of the struc-
tures in Figure 8. In all four structures, the P4-P2 residues
superpose rather well. Although the nature of the P4 residue
varies, the S4 binding pocket, lined with hydrophobic residues,
is similar in the four structures and is illustrated for ISPS250A in
Figure 6C.
It is in the ‘‘P1’’ position where the unique features of ISP are
revealed. The main chain of Ile7 and Pro8 (which we term P1
and P0, respectively) from the conserved LIPY/F motif are held
in a different conformation to that seen in any ESP, placing the
scissile bond out of reach of the active site serine and creating
a bulge in ISPS250A with the insertion of Pro8 (Figure 8C). The
residues that would make up the S1 binding pocket by analogy
to the well-ordered S1 pockets in ESPs, primarily the loop
183–193, are substantially disordered in the ISP250A precursor.
The difference between the ISPs and ESPs reflects their
different biological role; the N-terminal extension provides strict
posttranslational regulation of proteolytic activity that allows
control of ISP activity within the cell until required. This may
explain the apparent lag between the production of ISPs and
observed activity (Kucerova et al., 2001; Ruppen et al., 1988)., 744–755, June 9, 2010 ª2010 Elsevier Ltd All rights reserved 751
Figure 8. Structural Comparison of Active Site Binding Modes in
Subtilisins
(A) Residues comprising the P and P0 sites for the ISPS250A, BPN0 with the
prodomain bound, BPN0 bound to the inhibitor CI2, and the unprocessed
subtilisin from the archeon T. kodakarensis (proTK). In ISP the P0 site has
been introduced to accommodate the extra residue that occupies the active
site. Residues P4, P2, P1, and P10 are almost completely buried in all the struc-
tures (based on surface area estimates from PISA), whereas P3 points out of
the cleft toward the bulk solvent. P0 in ISP is only about 40% buried.
(B) Stereo view of the superposition of sites P4-P10 for proTK (gray), the
BPN0-CI2 complex (coral) and the BPN0-propeptide complex (yellow).
(C) Equivalent stereo superposition to that shown in (B) for ISPS250A (colored by
atom type, with carbons colored green), and the BPN0-CI2 complex (coral).
The ISP residues are in a similar position in P4-P2, but diverge completely in
P1, with the insertion of the additional P0 residue (Pro8). The ISP P10 tyrosine
side chain overlaps with that of the P10 glutamate in CI2, forming similar
contacts.
Structure
Intracellular Subtilisin StructureIn contrast the ESP prodomain is part of the folding mechanism
to ensure the enzyme only forms a functional conformation on
secretion from the cell, and that it remains highly stable in this
harsh extracellular environment. Unregulated proteinase activity
with broad substrate specificity within the cell, such as that
exhibited by bacterial ESPs, would be lethal (Subbian et al.,
2004).
It appears that nature has converged on the same general
structural solution to inhibition of subtilisin proteases with inhib-
iting peptides acting as substrate mimics and filling the P4–P1
channel. However, the actual molecular mechanism by which
inhibition is implemented varies considerably between the
subfamilies, with the ISPs introducing a new approach through
displacement of the target peptide bond and distortion of the
catalytic site.752 Structure 18, 744–755, June 9, 2010 ª2010 Elsevier Ltd All rightsThe Role of Metal Ions
Metal ions, especially calcium, are known to play an important
structural role in the ESPs (Bryan, 2000). It is widely thought
that the activity of the ISPs is calcium dependent (Strongin
et al., 1978; Subbian et al., 2004; Tsuchiya et al., 1997), despite
some evidence to the contrary (Sheehan and Switzer, 1990). The
ESPs contain a highly conserved calcium binding site known as
the ‘‘A’’ or high-affinity site (Figure 7B); this site is present in
ISPS250A but is now occupied by a sodium ion (Figure 7A). Rather
than the protein contributing the six coordinating ligands, as is
the case in the mature ESPs, ISPS250A only contributes five,
with the sixth position occupied by an ordered water
(Figure 7A). This change in coordination may reduce metal ion
affinity and also increase exchange rates. Therefore, given that
sodium is the predominant metal ion in the crystallization and
coordinates in a similar manner to calcium (Harding, 2004), it
may not be surprising that this site is occupied by sodium.
Secondary low-affinity metal binding sites are common in the
ESPs and themetal ion in these sites is known to vary depending
on buffer composition (Bryan, 2000). As with the ESPs, process-
ingmay be vital for ISP to form a complete metal ion binding site.
In the case of the ESPs, Gln2 only becomes available to bind
calcium on prodomain removal. The same may be true for the
ISPs: Glu20 lies close to the metal binding site but is not orien-
tated correctly to bind a metal ion due to the interactions of the
N-terminal extension with the core protein (Figure 7A). The
N-terminal is cleaved between Leu18 and Ser19 (M.G., K.S.W.,
and D.D.J., unpublished data), which could in turn allow Glu20
to reposition itself to act as the sixth ligand for metal ion binding.
Therefore, the N-terminal extension not only acts as a potential
inhibitor of protease activity, but it may also influence structural
stability by defining the metal ion binding process and affinity.
This is especially acute for the ISPs because metal ion binding,
especially calcium, is thought to be important for both structure
and protease activity (Koide et al., 1986; Subbian et al., 2004;
Tsuchiya et al., 1997; Yamagata and Ichishima, 1995; M.G.,
G.K., and D.D.J., unpublished data).
Summary
This structure provides a timely insight into features unique to
the ISPs, in particular the quaternary structure and a new mech-
anism for proteinase regulation. A cartoon of our proposed
model for the regulation of ISP activity is shown in Figure 9.
The functional significance of dimer formation still remains to
be explained, as do the fine structural changes that occur on
N-terminal processing and activation. Addressing these ques-
tions together with the work presented here will bring us closer
to deciphering the physiological importance of ISPs and their
role in regulating cellular process within the bacterium.
EXPERIMENTAL PROCEDURES
Purification of Bacillus clausii ISPS250A
The gene encoding the precursor of the ISP from B. clausii (strain NN010181)
was cloned into pET22b (Merck Biosciences), in frame with a C-terminal hexa-
histidine affinity purification tag, as detailed in the Supplemental Experimental
Procedures. Construction of the ISPS250A variant is also outlined in the Supple-
mental Experimental Procedures. ISPS250A was produced in E. coli BL21 (DE3)
Gold (Merck Biosciences), with gene expression induced by the addition of
1 mM IPTG at A600 of ca 0.5. A detailed outline of the protein purification viareserved
Figure 9. Proposed Model for the Regulation of ISP Activity
On binding a metal ion (black sphere), ISP (gray spheres) undergoes a confor-
mational change from a partially folded structure to a folded dimeric protein
with the N-terminal extension (black curve) binding back over the active site
(triangular indentation). This in turns blocks the active site and positions the
potentially scissile bond out of reach catalytic serine residue, as indicated
by the bulge in the diagram. Furthermore, it disrupts the catalytic triad (indi-
cated by the shaded triangular indentation) by moving the catalytic serine by
1.6 A˚. Posttranslational processing cleaves the N-terminal extension at a
position away from the active site and activates ISP. This precise processing
event is performed by ISP itself (M.G. and D.D.J., unpublished data). Prior to
processing, only five of the metal coordination sites are contributed by the
protein, with the sixth occupied by water. For ISP to activate itself, it is postu-
lated that a small ISP population adopts an alternate ‘‘open’’ conformation
through Glu20, replacing water as the sixth metal coordinating ligand. The
necessary repositioning of Glu20 could in turn disrupt binding of the extension
over the active site, resulting in activation. This small population of active ISP
could then process and activate further ISPs via an intermolecular mechanism,
and hence lead to a cascade of ISP activation.
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Intracellular Subtilisin Structurenickel affinity chromatography and protein crystallization is provided in the
Supplemental Experimental Procedures.
CD and Mass Analysis
CD spectra of 10 mM protein samples in 20 mM sodium phosphate (pH 8.0),
0.2 M ammonium sulfate, and 1 mM CaCl2 were recorded and the analyzed
as outlined in the Supplemental Experimental Procedures. Mass spectroscopy
was performed using a MALDI-TOF micro MX (Waters, USA) mass spectrom-
eter as outlined in the Supplemental Experimental Procedures. SEC was
performed in 50 mM sodium phosphate (pH 7.5), 0.5 mM ammonium sulfate,
and 1 mM CaCl2, and the apparent molecular weight calculated using a
standard curve as described in the Supplemental Experimental Procedures.
Sedimentation equilibrium analytical ultracentrifugation was undertaken on
samples of full-length ISPS250A over a broad concentration range prepared
in 50 mM sodium phosphate, 200 mM ammonium sulfate, and 1 mM TCEP,
and centrifuged at various different speeds as outlined in the Supplemental
Experimental Procedures. Data analysis was performed by the simultaneous
fitting of data sets to a self-association model using the nonlinear least-
squares fitting in the Beckman Origin software.
Crystallization
The protein samples were prepared for crystallization as follows: crystal
1 protein at 5 mg/ml in 50 mM sodium phosphate (pH 8.0), 0.2 M ammonium
sulfate, 1 mM calcium chloride, and 1mMDTT; crystal 2 protein at 8 mgml-1 in
20mMTris-HCl (pH 7.5), 0.5M ammonium sulfate, 1mMcalcium chloride, and
1 mM DTT; and crystal 3 protein at 10 mg ml-1 solutions in 20 mM Tris/HCl
(pH 8.0) and 1 mM CaCl2. Crystal screening was carried out in 150 nl sitting
drops using a Mosquito robot. The drops were set up with equal volumes of
protein and precipitant solutions, so the initial calcium concentration in the
drops was 0.5 mM. Crystal 1 was obtained from 0.3 M sodium acetate, 30%
PEG 4K, 0.1 M MES (pH 6.1), and 0.1 M sodium cacodylate (pH 6.5). Crystal
2 was obtained from a precipitant of 0.1 M Bis-Tris (pH 6.5), 0.1 M NaCl,Structure 18and 1.5M ammonium sulfate. Crystal 3 grew from 15%PEG 4K + 5%glycerol,
0.1 M sodium cacodylate (pH 5.9), and 0.2 M sodium acetate.
X-ray Data Collection
Crystal 1 was transferred to mother liquor supplemented with 15% glycerol as
cryoprotectant, mounted in a nylon CryoLoop (Hampton Research), and vitri-
fied. It diffracted to 3.5 A˚ in house on a Rigaku rotating anode equipped with
a MarResearch detector. Data were collected on beamline ID14-1 at the
ESRF at 100 K to a resolution of 2.7 A˚ and integrated using MOSFLM (Leslie,
2006) in point group P3 with cell parameters a = 121.7, c = 106.2 A˚. The data
showed the crystal was twinned and there was a substantial ice ring at around
3.7 A˚ resolution, which further reduced the data quality. In addition, the data
were somewhat anisotropic with stronger diffraction along the c axis. The ratio
of eigenvalues for the anisotropy corrections along the a*,b*, and c* axes were:
0.84, 0.84, and 1.0, respectively. Crystal 1 was used for the initial data collec-
tion and structure solution. Crystal 2 was vitrified and mounted without addi-
tion of cryoprotectant, and data were collected on ESRF beamline ID14-1 to
a resolution of 2.5 A˚ and integrated using MOSFLM (Leslie, 2006), again in
point group P3 with cell parameters a = 119.8, c = 106.2 A˚. The data were of
better quality with no ice ring, no twinning, and less anisotropy, Table 1. The
two crystals, obtained using quite different precipitants, are almost isomor-
phous, with a mean fractional isomorphous difference of about 25% as ex-
pected from the 2% change in cell volume. Crystal 3 was transferred to
a cryoprotectant solution containing 20% glycerol and vitrified at 100 K.
Data were collected on Diamond Light Source beamline I03 to a resolution
of 1.56 A˚, and processed with MOSFLM. The point group was again P3, but
the cell dimensions were a = 125.66, c = 106.14 A˚, and the overall cell had
expanded in volume by about 10%. The datawere not twinned and had a lower
anisotropy than either crystal 1 or 2. A summary of the data collection and
refinement statistics for all the crystals is given in Table 1.
Structure Solution
Calculations were performed with programs from the CCP4 suite (CCP4,
1994). The structure was first solved using the data from crystal 1. The solution
studies had indicated that ISP was likely to be a dimer, and analysis of the unit
cell volume suggested the presence of three dimers in the asymmetric unit and
a solvent content of 43%. The self-rotation function was confused, indicating
only that there were many two-fold axes perpendicular to the crystallographic
three-fold axis. Molecular replacement was carried out using the programs
PHASER and MOLREP (Lebedev et al., 2008; McCoy et al., 2007) with
a number of monomeric Bacillus ESPs from the PDB as search models.
Several ESP search models (with a typical sequence identity of 45%) gave
the correct solution, and the space group was established as P31 with six
molecules arranged as three dimers. Refinement was initiated from the model
derived from a subtilisin BPN0 mutant (PDB ID code 1yjc).
The structure of crystal 2 was solved by placing the refined coordinates of
crystal 1 in the new unit cell followed by rigid body refinement of the three
dimers. The crystal packing is highly similar. Crystal 3 was solved bymolecular
replacement using the refined coordinates of crystal 2. Although the dimer
structures are conserved, each has rotated slightly relative to crystals 1 and
2 (AB: 10, CD: 3, EF: 2), and this generates some different crystal contacts.
Refinement and Model Building
For crystal 1, refinement was started from the structure of subtilisin BPN0
mutant (PDB code 1YJC, 44% sequence identity) using the program RE-
FMAC5 (Murshudov et al., 1997) with the newly implemented twinning option.
The twinning operator is k,h,l and the twinning fraction refined to a value
of 0.28. Noncrystallographic symmetry restraints were imposed at the initial
stages of refinement. These were later relaxed due to clear difference between
the protomers, and where appropriate when rebuilding parts of molecules the
electron density was averaged over the six protomers. TLS restraints were
imposed once the model was essentially complete. Rebuilding was performed
using COOT (Emsley and Cowtan, 2004) and the final refinement, taking
account of the crystal twinning, gave an R and Rfree of 16.7% and 25.0%,
respectively. The untwinned structure of crystal 2 was refined using similar
protocols to an R and Rfree of 18.8% and 26.9%, respectively, and for crystal
3 to R and Rfree of 18.7% and 23.0%. Given the resolution of the data for crystal
3, noncrystallographic symmetry restraints were not imposed., 744–755, June 9, 2010 ª2010 Elsevier Ltd All rights reserved 753
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The structure of ISP was superimposed on a number of known subtilisin struc-
tures from the PDB using the Secondary Structure Matching algorithm (Krissi-
nel and Henrick, 2004) as implemented in the CCP4mg program (Potterton
et al., 2004).ACCESSION NUMBERS
The X-ray data and coordinates have been deposited in the PDB with codes
2wwt (crystal 1), 2wv7 (crystal 2), and 2x8j (crystal 3).SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure, three tables, and Supplemental
Experimental Procedures and can be found with this article online at doi:10.
1016/j.str.2010.03.008.
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